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Abstract 
Deuterium exchange was monitored by electrospray ionization mass spectrometry (ESI-MS) to study the slowly 
exchanging (hydrogen bonded) peptide hydrogens of several a-helical peptides and &sheet proteins. Polypeptides 
were synthetically engineered to have mainly disordered, a-helical, or 0-sheet structure. For 3 isomeric 31-residue 
a-helical peptides, the number of slowly exchanging hydrogens as measured by ESI-MS in 50% CF3CD20D  (pD 
9.5) provided estimates of their a-helicities (26V0, 40%, 94%) that agreed well with the values (17%, 34%, 98%) 
measured by circular dichroic spectroscopy in the same nondeuterated solvent. For 3 betabellins containing a pair 
of 0-sheets and a related disordered peptide, their order of structural stability (12D > 12s > 14D > 14s) shown 
by their deuterium exchange rates in 10% CD30D/0.5%  CD3C02D  (pD 3.8) as measured by ESI-MS was the 
same as their order of structural stability to unfolding with increasing temperature or guanidinium chloride con- 
centration  as measured by circular dichroic spectroscopy in water. Compared to monitoring  deuterium exchange 
by proton NMR spectrometry,  monitoring  deuterium exchange by ESI-MS requires much less sample (1-50 pg), 
much shorter analysis time (10-90 min), and  no chemical quenching of the exchange reaction. 
Keywords: betabellin; deuterium exchange; electrospray ionization; helical peptides; mass spectrometry; protein 
engineering; secondary structure 
The  rate of deuterium exchange of peptide amide hydrogens pro- 
vides a useful probe of protein structure. Deuterium exchange 
as monitored by proton NMR spectroscopy has been  used to de- 
termine protein conformations (Wagner & Wiithrich, 1982; Jeng 
et al., 1990; Englander & Mayne, 1992), protein structural fluc- 
tuations (Rosa & Richards, 1979; Rohl et al., 1992), protein fold- 
ing intermediates (Dobson & Evans, 1988; Bycroft et al., 1990), 
the effects of ligands, inhibitors, and substrates on enzymes 
(Brandt & Woodward, 1987; Paterson et al., 1990; Mayne et al., 
1992), and  the exchange  kinetics  of peptide backbone amide hy- 
drogens (Hvidt & Nielsen,  1966;  Molday et al., 1972;  Woodward 
et al., 1982; Creighton, 1984,  1990; Roder et al., 1985). Many 
peptide backbone  amide hydrogens in  proteins  are rapidly ex- 
changed by deuteriums at rates similar to those  for amide hy- 
drogens in small model compounds, indicating that they are near 
the protein surface and readily accessible to water. Other pep- 
tide  backbone amide hydrogens exchange more slowly, indicat- 
ing that they are involved in  intramolecular hydrogen bonds 
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and/or are less accessible to water. The number of slowly  ex- 
changing hydrogens and their rates of deuterium exchange de- 
pend on such factors as pH, temperature, pressure, charge, 
chemical environment, and 3-dimensional protein structure (En- 
glander et al., 1972; Woodward & Hilton, 1979; Kim & Bald- 
win, 1982; Mathew & Richards, 1983; Englander & Kallenback, 
1984; Perrin & Lollo, 1984). Proton NMR studies have revealed 
that most slowly exchanging hydrogens are hydrogen bonded 
backbone  amide hydrogens of secondary structural elements 
such as @-helices and &sheets. In order for deuterium exchange 
to occur, the hydrogen bond must  be broken, which  may require 
several  small unfolding steps. Thus, the deuterium exchange rate 
of a hydrogen bonded backbone  amide hydrogen is related to 
the free energy of its local secondary structure. 
Electrospray ionization (ESI) is a relatively gentle mass spec- 
trometry (MS) technique for producing gas phase ions from  an 
analyte  solution (Covey et al., 1988; Fenn et al., 1990). Per- 
formed at atmospheric pressure and room  temperature, ESI is 
useful for mass spectral analysis of proteins and  other large bio- 
molecules, for which it produces mainly multiply charged mo- 
lecular ions. Each charge state provides an independent measure 
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of  the molecular mass of the protein, once the charge is known. 
A  protein with a high molecular mass can be analyzed if the 
mass:charge (rn/z) ratios of its molecular ions in several charge 
states are within the detectable range. 
ESI-MS has been used to study changes in protein conforma- 
tion (LeBlanc et al., 1991; Mirza et al., 1993; Wagner & An- 
deregg, 1994). When a protein is analyzed under denaturing 
conditions, the higher charge states become more abundant. As 
a  protein is denatured, more of its functional  groups become 
charged and electrostatically repelled by other groups of like 
charge, which produces higher charge states that  are observed 
at lower m/z ratios. Mass spectrometry has also been used in 
conjunction with deuterium exchange (Katta & Chait, 1991; 
Thevenon-Emeric et al., 1992; Miranker et al., 1993; Stevenson 
et al., 1993; Zhang & Smith, 1993). The number of deuteriums 
incorporated and  the average rates  of  deuterium exchange are 
easily measured through  the increase in the molecular mass with 
time. Deuterium exchange rates are usually faster for a  protein 
under  denaturing  conditions than under  nondenaturing condi- 
tions because a loosely folded structure exchanges faster than 
a tightly folded structure. 
We have used ESI-MS to monitor  the  deuterium exchange of 
7 synthetic peptides and proteins designed to have mainly dis- 
ordered, a-helical, or P-sheet structure. These compounds are 
simple models of more complex protein  structures. For 3 a -  
helical peptides, the number of slowly exchanging hydrogens at 
pD 9.5 as measured by ESI-MS provided estimates of their a- 
helicities that agreed well with their a-helicities as measured by 
circular  dichroic spectroscopy. For 3 P-sheet proteins and a re- 
lated disordered peptide, deuterium exchange rates at pD 3.8 for 
discrete sets of slowly exchanging hydrogens as measured by 
ESI-MS provided an  order of structural stability that was the 
same as their order of structural stability to unfolding with in- 
creasing temperature or guanidinium chloride concentration as 
measured by CD spectroscopy. 
Results  and discussion 
a-Helical  peptides 
Design 
Three isomeric 3 1-residue single-chain peptides were engi- 
neered as models of a-helical structures (Fig. 1). Peptides ESA, 
E8B, and  E8C each had  the composition Glus Leug Alal4 Asp 
and contained 10 carboxyl groups and 1 amino  group. Glutamic 
acid, leucine, and alanine residues were used because they fa- 
vor formation of an a-helix  (Chou & Fasman, 1974). 
The  a-helicity of these peptides should be influenced by the 
locations of the ionizable glutamic acid residues. At a pH > 5 ,  
several glutamic acid residues are mutually repelled due  to their 
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common negative charges. The charge repulsion of 2 covalently 
linked glutamates  (Glu--Glu-)  should have little influence on 
a-helicity because they are nearly the same  distance apart in ei- 
ther  the  a-helical or extended conformation. The charge repul- 
sion of 2 conformationally  adjacent  glutamates, such as Glu" 
X-X-X-Glu- in an a-helix, should significantly influence a- 
helicity  because these glutamates are much closer together in the 
a-helical conformation than in the extended conformation. Dur- 
ing the  folding  of an a-helix,  a  pair  of  glutamates  separated by
2-3 other residues are brought close together on adjacent heli- 
cal turns.  The  folding energy of this a-helix should be signifi- 
cantly higher than  that of an isomeric a-helix having the pair 
of glutamates separated by 5-7 other residues, which  places them 
on  the same side of the a-helix  but  separated by a  third turn. 
The geometric relationships of the Glu residues are illus- 
trated by the a-helical nets for peptides E8A, E8B, and E8C 
(Fig. 2). E8A contained 3.75 adjacent copies of the octad &- 
Glu-Leu-Ala-Leu-G&-Ala-Ala, with the Glu residues separated 
by 3 residues. Similarly, E8B contained the octad m-Glu-Leu- 
Ala-Leu-&-Ala-Ala, in which the underlined alanine and glu- 
tamic acid residues were reversed from E8A and  the Glu-Glu 
pairs are separated by 6 residues (Fig. 1). The fully a-helical 
form of E8A would have all 8 Glu residues held close together 
to  form a  polyanionic strip down the side of the helix. A nega- 
tively charged glutamate in the middle of this strip could be re- 
pelled by the negative charge of a  glutamate on  the preceding 
helical turn and by another on the following turn. Although E8A 
and E8B had identical residues at 23 (74%) of their 31 positions, 
E8A should have significantly lower a-helicity than E8B due  to 
charge repulsions between the Glu residues. E8C, however, con- 
tained 4 adjacent copies of the heptad Leu-Glu-Glu-Leu-Ala- 
Ala-Ala, with the Glu-Glu pairs  separated by 5 residues. Addi- 
tionally, all 8 leucines were placed at  the first or fourth position 
of the heptad, which  is typical of an a-helical coiled-coil (Fig. 1). 
Under physiological conditions, the 2  hydrophobic faces of 2 
chains of E8C should form a stable noncovalent dimer. At 
pH 7.4 ,2  molecules of peptide E8C  formed  a  stable 2-stranded 
parallel a-helical coiled-coil that had a [O]222 / [~ ]208  ratio of 
0.97 at 25 "C (Melton et al., 1994). 
CD spectroscopy 
Peptides E8A, E8B, and E8C were separately dissolved in 1: 1 
(v/v) CF,CH20H/H20  and adjusted to  pH 9.5 by addition  of 
NH40H. Their CD spectra (Fig. 3) displayed a minimum near 
222 nm and a stronger minimum near 208 nm, which is diagnos- 
tic of a-helical  structure.  The  a-helicity calculated from [el222 
was 17% for ESA, 34% for E8B, and 98% for E8C.  Peptide 
E8A exhibited only half the a-helicity of peptide E8B, and both 
peptides were  mainly disordered, which  was consistent with their 
structural designs. As shown by its [O]222/[O]208 ratio of 0.79, 
1 5 10 15 20 25 30 32 chains of the  @-sheet  proteins betab llin 12S, 
Fig. 1. Amino acid  sequences of the 5 peptide 
12 H T L T A 5 I p d L T Y 5 I N p d T A T C K V p d F T L 5 I G A 12D  (represented  by 12), and  14D,  the disor- 
14 H 5 L T A 5 I k a L T I H v Q a k T A T C Q V k a y T v H 1 S E dered  peptide  betabellin 14s (represented  by 
E8A ' AELALEAA A E A E E8B, and  the  2-stranded a-helical coiled-coil 14),  the  partially &-helical peptides E8A and 
E8B D U A U b U E E L A L A  protein E8C (a, D-Ala; d, D-As~;  k ,  D-LYS;  p, 
EgC D E L A A A L E E L A A A L E E L A A A L E E L A A A A A ;-Pro; heptads  are double underlined and oc- 
tads are  single underlined). 
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Fig. 2. Helical net representations of peptide  chains E8A, E8B,  and  E8C 
showing the distribution of acidic residues (circled). 
peptide E8C was monomeric in 50% trifluoroethanol  at  pH 9.5 
because trifluoroethanol destabilizes the coiled-coil dimer but 
maintains the a-helicity of the monomeric peptide chains 
(Hodges et al., 1988). 
Electrospray  ionization  mass spectrometry 
Peptides ESA, ESB, and E8C each contained 9 acidic but no 
basic residues and were insoluble below pH 7, so negative ion- 
ization was used for their mass spectral analysis. Because they 
had the same amino acid composition, they gave similar mass 
spectra. As illustrated for E8C in Figure 4, the mass spectrum 
displayed  peaks for the -2 (m/z 1,532.3),  -3 (m/z 1,021.1), and 
-4 (m/z  765.7) charged states, giving a measured molecular 
mass of  3,066.6 Da, consistent with the calculated average  mass 
(3,066.4 Da). 
The uncharged state of  each of these  31-residue peptide chains 
contained 42 exchangeable hydrogens (NH2 [N-terminus], 30 
O=C-N-H,  C02H [C-terminus], 8 Glu C02H, 1 Asp C02H). 
190 200 2 io  220 230 240 250 260 
Wavelength  (nm) 
Fig. 3. Circular  dichroic  spectra of the peptides ESA (0), E8B (A), and 
E8C (0) dissolved at a concentration of 40 pM in 1:  1 CF3CH20H/H20 
(pH 9.5). 
500 750 1000 1250 1500 1750 2000 
m/z 
Fig. 4. Negative-ion electrospray ionization mass spectrum of E8C in 
1:l CF,CH2OH/H20  (pH 9.5). 
In the fully a-helical  conformation, 27 of the 30 backbone am- 
ide hydrogens would participate  in an i to i - 4 hydrogen bond 
(N-H..  .O=C), in which the main-chain N-H hydrogen of 
residue i interacts electrostatically  with the main-chain C=O ox- 
ygen  of residue i - 4. During deuterium exchange, the molecu- 
lar mass should increase from 3,066 Da before exchange to 3,108 
Da after complete exchange. 
Lyophilized samples of E8A, ESB, and E8C were separately 
dissolved in 1 : 1 (v/v) CF3CD20D/D20  and adjusted to pD 9.5 
by addition of ND,OD. The ESI-MS data for peptides E8A, 
ESB, and ESC are shown in Figure 5A for the first 8 min and 
in Figure 5B for 0.15-0.35  min after deuterium exchange began. 
In general, the deuterium exchange data obtained from ESI-MS 
can be plotted as molecular mass versus time. However, a more 
useful plot is the number of remaining exchangeable hydrogens 
(Hr) with time. The fully deuterated molecular  mass  can  be  eas- 
ily calculated by adding 1 Da  for every exchangeable hydrogen. 
The number of remaining hydrogens (H,)  at each time point t 
can be determined by subtracting the molecular mass at time 
point t from  the fully deuterated molecular mass. The  data in 
Figure 5 show the deuterium exchange was significantly faster 
for E8A (17% a-helicity by CD)  and E8B  (34% a-helicity by 
CD) than  for E8C (98% a-helicity by CD). 
At pH 9.5, the backbone amide exchange rates are  at least 100 
times  slower than those at all other labile  sites (Wiithrich, 1986). 
Because the exchange rate is catalyzed by both acid and base, 
amide exchange rates follow a U-shaped curve with a minimum 
around  pH 3. Each pH unit away from  the minimum increases 
the  rate 10-fold. Thus,  at  pH 9.5, all labile hydrogens not in- 
volved in intramolecular bonding are expected to exchange very 
quickly (before mass spectral detection). The first 4 amides in 
an a-helix do not hydrogen bond because they have no carbonyl 
partner; therefore, they  experience a faster rate of exchange. Af- 
ter accounting for all of the  fast exchanging hydrogens, a total 
of 27 remaining hydrogens can be involved in hydrogen bond- 
ing, and may  exchange on a slower time scale. The relative slow- 
ness of the exchange curves represented in Figure 5 is due to the 
amide hydrogens involved in the helix hydrogen bonding net- 
work because the hydrogen bond must be broken in order for 
exchange to occur. 
An exchangeable  hydrogen should exhibit apparent first-order 
kinetics. A set of hydrogens that undergo  deuterium exchange 
at  the same rate should obey the  equation ln(Hr) = ln(H,) -k t ,  
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where Ht is the number of unexchanged hydrogens at time t ,  
H,, is the number of exchangeable hydrogens in the set n, and 
k is the  apparent first-order rate constant for  the set. Plots of 
In( H,)  as a  function of time can produce 1 or  more linear seg- 
ments  along the exchange curve,  each representing a set of hy- 
drogens exchanging at  the same apparent first-order rate. In 
order  to convert the linear segments along the exchange curve 
from  the plots of In(H,) versus t into kinetic quantities, the fol- 
lowing general scheme was employed. For a  hypothetical data 
set shown in Figure 6, 4 linear segments are observed. Linear 
regression is applied on each segment to define  the best straight 
line fit of the  data  and  to determine the intercept,  slope, and 
their associated errors. The apparent endpoints of each segment 





Fig. 6. A hypothetical  data  set of  ln(H,) vs. time, showing 4 linear re- 
gions (sets 2-5) and their respectivey-intercepts (I,) determined  by lin- 
ear regression. From the  intercepts  the  number of hydrogens in  each 
group (H,,) can  be calculated by difference. Ho is  the total number of 
exchangeable hydrogens  and Il  = ln(Ho). 
Fig. 5. Time-dependent  decrease  in  the 
number of exchangeable  hydrogens  re- 
maining (H,)  in  peptides E8A (0), E8B 
(A), and E8C (0) during  the  first 8 min 
(A) and  the  first 0.35 min (B) following 
exposure to deuterated solvents (1:l 
CF3CD20D/D20, pD 9.5). Box in A is 
the  region  expanded  in B. 
line represents the  natural logarithm of the sum of the number 
of hydrogens in set n, represented by the line, and in all sets of 
slower exchanging hydrogens. The population for all hydrogens 
experiencing the same  first-order kinetics (H,) of set n is 
H, = e'n - e'n+l. 
A set of hydrogens (HI) exchanges so fast that their rates are 
not  measurable using our  method,  The population of this set is 
H I  = Ho - erZ, where Ho represents the  total number of ex- 
changeable hydrogens in the  peptide.  Although the exchange 
rates of the H I  hydrogens cannot be measured, we can put  a 
lower  limit on the  rate. Because all the hydrogens in this set have 
exchanged by the time we measure our first  time  point (12 s), 
we assume that 12 s represents at least 4 half-lives (94% would 
exchange in 4 half-lives). The exchange rates must, therefore, 
be greater than 0.23 s- l .  The  populations of sets 2-5 are deter- 
mined as above, and their exchange rates are derived directly 
from  the slopes of the regression  lines.  Set 6 hydrogens exchange 
too slowly to be measured in the time frame of the experiment 
and  are represented by the number of hydrogens not exchanged 
after the last data point collected, i.e.,  at 13 min. The exchange 
rate of these slowly exchanging hydrogens must be  less than  or 
equal to  the  rate of the last linear segment, representing set 5 .  
The linear segment  may continue beyond  where we stopped mea- 
suring (k6 = k, )  or yet another linear segment of smaller slope 
may exist, but we have not sampled from it (k6 < k,).  
Plotting the  ln(H,) versus time for the 3 helical peptides for 
the first 10-s period of data acquisition gave a  straight line for 
each peptide (Fig. 5B). The linear  regression  coefficient was 0.97 
for ESA, 0.98 for ESB, and 0.99 for E8C. In this brief time pe- 
riod, each peptide behaved as if it  contained  a set of hydrogens 
(Hz)  that were undergoing  deuterium exchange at essentially 
the same rate. Beyond 0.35 min, peptides E8A and E8B are com- 
pletely exchanged. The apparent first-order rate constant for 
each of the sets, obtained from the slope of each line, was 
0.098 s-' for E8A and E8B and 0.043 s-I for E8C.  From the 
y-intercepts of the  plot, the number of hydrogens in the set  was 
calculated to be 4.0 for ESA, 8-9 for ESB, and 25 for E8C. Dur- 
ing this 10-s period, ESA had a set of 4 H and ESB had  a set 
of 8-9 H that were undergoing first-order  deuterium exchange 
at  the  rate of one every 10 s. E8C  contained  a set of 25 H un- 
dergoing exchange at approximately half that rate. Because the 
slope of the  data  for E8C in Figure 5A, however, became less 
negative with increasing time, many of these 25 H actually un- 
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derwent  deuterium exchange at slower rates. Two  further lin- 
ear segments can be assigned; H3, represented by ln(H,) = 
2.86 - 1.31t, and  H4, represented by In(H,) = 2.57 - 0.77t. 
The percentage of  a-helical residues in  the peptide can be es- 
timated from the number of slowly exchanging hydrogens. E8C 
contained 25 slowly exchanging hydrogens that were assumed 
to be involved in i to i - 4 a-helical hydrogen bonds because the 
other exchangeable hydrogens ( a  NH3+,  C02H) should have 
exchanged very rapidly (before mass spectral detection) at 
pH 9.5. Because the main-chain NH  groups of the first  4 resi- 
dues of an a-helix cannot  form i to i - 4  a-helical hydrogen 
bonds,  the  total number of residues in a-helical conformation 
should be  29  (25 + 4). The percentage of a-helical residues in 
peptide ESC was 94% (29/31). By the  same reasoning, peptide 
E8B had 8-9  slowly exchanging hydrogens, 12-13 a-helical res- 
idues, and 40%  a-helicity. Similarly, peptide E8A had 4 slowly 
exchanging hydrogens, 8 a-helical residues, and 26% a-helicity. 
Comparison of the CD and ESI-MS results 
CD spectroscopy measures the time-independent average a -  
helicity of the population of peptide conformations. In contrast, 
ESI-MS deuterium exchange measures the time-dependent in- 
corporation of deuteriums, which provides information on the 
kinetic  stability of the a-helix that is not  obtainable from CD 
spectra. Because ESI-MS measures the deuterium exchange rate 
for a set of slowly exchanging hydrogens, a direct comparison 
between the 2  methods is possible when the hydrogens not in- 
volved  in hydrogen bonds exchange much faster than those that 
are involved  in hydrogen bonds. This situation occurred for pep- 
tides ESA, ESB, and  E8C  at  pH 9.5, as evidenced by the fact 
that their  a-helicities as measured by deuterium exchange ESI- 
MS (26V0, 40%,  and  94%, respectively) agreed well with their 




The betabellins are a set of synthetic proteins designed to fold 
into a  @-barrel  (Richardson & Richardson, 1987; Richardson 
et al., 1992). Betabellin 12 (McClain et al., 1992; Yan, 1994) and 
betabellin 14 (Yan & Erickson, 1994a, 1994b) were each synthe- 
sized as a single 32-residue peptide chain (Fig.  1) that would fold 
into  an antiparallel @-sheet consisting of four 6-residue @-strands 
connected by three 2-residue @-turns (Fig. 7). The 6 residues of 
each  @-strand have an alternating pattern of hydrophobic and 
hydrophilic residues so that  the &sheet has a  hydrophobic face 
and a hydrophilic face. Two @-sheets  were  designed to pack their 
hydrophobic faces against  each other in water to  form a non- 
covalent @-barrel dimer. Betabellin 12s  and  14s refer to  the 
structures of the peptide chains in water. Two  other chains were 
synthesized as a covalent dimer by air  oxidation of their Cys 21 
thiol groups to form a  disulfide  bond. Betabellin 12D and 14D 
refer to  the structures  of the disulfide-bridged double-chain  di- 
mers in water. 
The betabellin target structure requires that both P-sheets  have 
the  normal right-handed twist and  that  the 6 @-turns between 
the @-strands  should be type-I' @-turns  (Richardson & Richard- 
Fig. 7. Predicted  &sheet  structure of betabellins,  showing  the  expected 
positions of backbone  amide  hydrogen bonds. The  hydrogens in  paren- 
theses (positions 8, 16, and 24)  are only present in betabellin 14s and 
14D. In betabellin 12s and  12D,  these positions are  proline  residues. 
son, 1987; Richardson et al., 1992). Betabellin 12 was designed 
with 3 D-Pro-D-Asp segments per chain to favor the  formation 
of type-I' @turns at  the desired locations (McClain et al., 1992; 
Richardson et al., 1992). Molecular dynamics simulations have 
indicated that a D,D-dipeptide segment favors formation of a 
type-I' @-turn (Yan  et al., 1993; Tropsha et al., 1994). Therefore, 
betabellin 14  was designed with a D-Ala-D-Lys and 2 D-LYS-D- 
Ala segments per chain to favor the formation  of type-I' &turns 
between the @-strands (Yan & Erickson, 1994a, 1994b). Several 
other residue changes were made to increase  water solubility and 
decrease the isoelectric point, so that betabellin 14 shared  only 
15 of 32 residues with betabellin 12 (Fig. 1). 
CD spectroscopy 
By the criterion of CD spectroscopy, betabellin 14s was dis- 
ordered in water and in 10% CH30H/0.5%  CH3C02H  (pH 3.8), 
and betabellins 12S,  12D, and 14D contained substantial @sheet 
but no a-helical structure (McClain et al., 1992; Yan, 1994;  Yan 
& Erickson, 1994a,  1994b). The CD spectra of these latter 3 pro- 
teins displayed a  minimum at 217 nm, which is diagnostic of p- 
sheet structure.  The chemical denaturation of betabellins 12S, 
12D, and 14D with increasing concentration of guanidinium 
chloride was monitored by the change in mean ellipticity per res- 
idue at 217 nm. The concentration of guanidinium chloride that 
produced half denaturation was  0.4 M for betabellin 14D,  1.6 M 
for betabellin 12S, and 2.4 M for betabellin 12D. The elevated 
temperature that produced half denaturation was 58 "C for beta- 
bellin 14D, 65 "C for betabellin 12S, and 73 "C for betabellin 
12D (Yan, 1994;  Yan & Erickson, 1994b). Thus,  the relative sta- 
bility these 4 betabellins to denaturation with increasing temper- 
ature or guanidinium  chloride  concentration was  12D > 12s > 
14D > 14s. 
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Electrospray ionization mass  spectrometry 
Lyophilized samples of betabellins 12s  and 12D were sepa- 
rately dissolved in 10% CH30H/0.5%  CH3C02H  (pH 3.8). 
Because these polypeptides contained several  basic residues, pos- 
itive ionization was used for their mass spectral analysis. The 
ESI mass spectrum of the 32-residue chain of betabellin 12s 
showed peaks for the +2 (m/z 1,683.1), +3 (m/z 1,122.2), 
and  +4 (m/z 841.7) charge  states (Fig. 8A), giving a measured 
molecular mass for  the uncharged betabellin-12 chain of 3,363.5 
Da, consistent with the calculated average mass (3,363.8 Da). 
The mass spectrum of the 64-residue disulfide-bridged dimer 
12D displayed some  peaks having similar m/z  ratios but corre- 
sponding to different charge states: +4 (m/z 1,682.5), +5 (m/z 
1,346.0), +6(m/z 1,121.7), +7 (m/z%1.8), and +8 (m/z841.8) 
(Fig. 8B). The molecular mass of betabellin 12D (6,725.1 Da) 
corresponded to 2  uncharged betabellin-12 chains minus the 2 
hydrogens lost during  formation of the disulfide bond. The ESI 
mass spectrum of betabellin 14s showed peaks for  the  +2 (m/z 
1,726.4), +3 (m/z 1,151.2), +4 (m/z 863.6), and +5 (mk691.2) 
charge states, giving a measured molecular mass of 3,450.8 Da, 
consistent with the calculated average mass (3,451.0 Da). Like- 
wise, the ESI mass spectrum of betabellin 14D  showed peaks for 
the +5 (m/z 1,381.2), +6 (m/z 1,151.0), +7 (m/z 986.8), +8 
(m/z 863.6), +9 (m/z 767.6), and + 10 (m/z 690.8) charge states, 
giving a measured molecular mass  of  6,899.9 Da, consistent with 
the calculated average mass (6,900.0 Da). 
Observed sets of exchanging hydrogens 
A lyophilized sample of betabellin 12S,  12D,  14S, or 14D  was 
dissolved in 10% CD30D/0.5%  CD3C02D in D20  (pD 3.8) 
and  the increase in its molecular mass with time was immedi- 
ately monitored by ESI-MS through the change in the m/z of 
its most abundant charge state: +3  for  the betabellin-12 chain 
(53 exchangeable hydrogens), +4  for the betabellin-14 chain (62 
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Fig. 8. ESI mass spectra of betabellins 12s (A) and 12D (B) in 10% 
CH,OH/O.S% CHSCOzH (pH 3.8). 
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exchangeable hydrogens), +6 for  the 12D double  chain (104 ex- 
changeable hydrogens), and +8 for  the 14D double  chain (122 
exchangeable hydrogens). 
The experiments were performed at  pH 3.8, which is close to 
the amide exchange rate minimum (pH 3.0), thus all amides ex- 
change on a relatively slow time scale. In addition, between 
pH 3 and  4, labile hydrogens on some of the side chains have 
similar exchange rates to  the amide hydrogens. Therefore, the 
first linear region in Figures 9 and 10 not only represents the hy- 
drogens involved in H-bonding but also  noninteracting  amide 
hydrogens on  the backbone, side-chain amides (Asn,  Gln), and 
some  nonamide side-chain groups (Lys, His) that  do  not ex- 
change  rapidly. 
Table 1 lists the kinetic quantities from  the betabellin curves 
(Figs. 9, 10). For each linear segment, the negative slope k, (the 
apparent first-order rate constant for set n ) ,  the y-intercept Z, 
(the natural logarithm of the number of exchangeable hydro- 
gens remaining in set n and all slower exchanging sets), and r 
(the linear regression coefficient) are given along with tl,2,  the 
half-life for deuterium exchange, and k,,, the relative first- 
order rate of deuterium exchange normalized to  the rate for set 
4 of betabellin 12D. 
The exchange rates of the linear sets varied from 4.7 x lo-' 
s-' (14D set 2, tl/2 = 0.3 min, k,, = 61) to 4.3 x s-' (12D 
set 5, tl/' = 27 min, k,, = 0.6), spanning a 100-fold range. The 
ESI-MS data were sufficiently complete that 4  linear 12D sets 
with k,, values of 0.6, 1.0, 1.9, and 12 were distinguishable. 
Relative to  the very slow 12D set 4 (k,, = l), the various sets 
of hydrogens can be described according to their relative ex- 
change  rates and placed into 1 of  4 categories: very fast (k,, > 
300), fast (300 > k,, > 30), slow (30 > k,, > 3), or very slow 
(k,, < 3). In an absolute sense, the rates for  the betabellins are 
much slower than those for the helical peptides described above. 
This is almost certainly an effect of the different pH values  used 
for the  2 experiments and should not be interpreted as being re- 
lated to  the relative stability of a-helices and &sheets. 
Table 2 distributes the various sets of hydrogens according to 
their exchange rates into these 4 categories. For reference, deu- 
terium exchange experiments monitored by NMR  would predict 
that  the intrinsic exchange rate  at  pH 3.8 of  peptide  backbone 
amide  hydrogens (normally the slowest exchanging hydrogens) 
should be about 80 x lop4 s-' (Wiithrich, 1986), correspond- 
ing to a k,, = 10 in our system. 
Visual inspection of the exchange data  from Figures 9 and 10 
and Table  1 revealed that  the deuterium exchange was slowest 
for  the covalent dimer betabellin 12D, slightly faster for beta- 
bellin 1 2 5  much faster for  the covalent dimer  14D, and fastest 
for  the disordered  peptide 14s.  Thus,  the  order of decreasing 
stability of the 0-sheet structures of these 4 betabellins to deu- 
terium exchange as measured by ESI-MS was the same as their 
order of decreasing stability to unfolding with increasing tem- 
perature  or guanidinium  chloride  concentration (12D > 12s > 
14D > 14s)  as measured by CD spectroscopy. 
Nearly all hydrogens of betabellin 14s exchanged with a 
k,, > 10, suggesting that  no hydrogen bonding is occurring in 
the structure. CD indicated that betabellin 14s has no recogniz- 
able  secondary structure, concurring with the ESI-MS result. 
Betabellin 14D showed 3  1 slowly exchanging hydrogens with 
a k,, < 8.5.  These hydrogens might be assigned to  the peptide 
hydrogen bonds involved  in forming the @-sheet secondary struc- 
ture. The remaining 91 hydrogens, in the fast and very fast cat- 
Deuterium exchange electrospray mass spectrometry 1311 
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Fig. 9. Time-dependent decrease in the  number of exchangeable hydrogens remaining in betabellin 12.5 (A) and 12D (B) fol- 
lowing exposure to deuterated solvents. Boxed regions are  expanded in panels to the right along with best-fit regression lines. 
Each box represents a  population of hydrogens exchanging at a similar rate. Numerical data  are shown in Table 1 .  
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Fig. 10. Time-dependent decrease in the  number of exchangeable hydrogens remaining in betabellin 14s (A) and 14D (B) fol- 
lowing exposure to deuterated solvents. Boxed regions are expanded in panels to the right along with best-fit regression lines. 
Each box represents a  population  of hydrogens exchanging at  a similar rate. Numerical data  are shown in Table 1. 
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Table 1. Summary of the betabellin deuterium exchange data for the sets of hydrogens having similar exchange rates 
Time Slope, Relative Regression Half-life 
period kn rate, coefficient, Labile H, of exchange, 
Compound n (min) ( ~ 1 0 - 4  s-1) krel y-Intercept r H" t 1 1 2  (min) 
12s (Fig. 9A) 
12D (Fig. 9B) 
14s (Fig. 1OA) 










































120 f 8 
9.73 f 0.02 
29.73 
>2,300 
95.0 f 2.8 
14.4 f 0.3 
7.68 k 0.06 
4.27 f 0.07 
24.27 
>2,300 
392 + 25 
125 k 6 
75.8 f 2.4 
275.8 
>2,300 
470 f 50 
65.3 f 1.6 
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5 5  
3.59 f 0.019 0.990 
3.22 f 0.001 0.999 
(2.36 + 0.15) 
4.28 k 0.007 0.995 
4.00 f 0.003 0.994 
3.88 k 0.002 0.997 
3.65 f 0.007 0.987 
(3.14 0.014) 
3.67 + 0.045 0.993 
3.81 k 0.034 0.987 
2.54 f 0.025 0.961 
(1.33 k 0.05) 
4.50 f 0.100 0.989 
3.45 f 0.021 0.980 
2.87 f 0.025 0.982 
(1.27 f 0.10) 
16.8 f 0.7 <0.05 
11.2 f 0.7 0.96 
14.4 f 0.2 12.0 
10.6 f 0.2 212.0 
31.7 f 0.5 <0.05 
17.6 f 0.5 1.2 
6.2 + 0.3 8.0 
9.9 f 0.3 15.0 
15.4 f 0.4 27.1 
23.2 f 0.3 227.1 
22.9 f 1.8 <0.05 
22.6 f 1.9 0.29 
3.8 f 0.6 0.92 
8.9 f 0.4 1.51 
3.8 f 0.2 21.51 
31.7 f 10 <0.05 
58.7 f 10 0.25 
14.0 f 0.9 1.18 
14.0 f 0.6 3.28 
3.6 f 0.4 23.28 
a The k for this set  of protons was used to normalize the k,,, for all other sets. 
egories, represent the side-chain hydrogens and  the remaining 
backbone  amide hydrogens. 
Betabellin 14D showed slightly  slower exchange than betabel- 
lin 14s: the slowly exchanging hydrogens have kre/ = 5-8.5 for 
14D, as opposed to k,/ = 10-16 for 14s. Betabellin 14D showed 
considerable P-sheet structure by CD, but these ESI-MS results 
indicate  this  secondary structure is readily unfolded. 
In  contrast, the ESI-MS data  for betabellin 12s and 12D sug- 
gest substantial kinetic stability. Betabellin 12s had 25 very 
slowly exchanging hydrogens with a krel 5 1.3.  This rate is 
lower than would be expected for  an exposed hydrogen, and is 
consistent with hydrogen bonding. Of the 28 backbone  amide 
hydrogens in betabellin 125 18 should be  involved  in interstrand 
hydrogen bonds (Fig. 7) and  the remaining 10 should be hydro- 
gen bonding to solvent and not accessible for intramolecular hy- 
drogen  bonding.  The 25 hydrogens observed to be exchanging 
very  slowly probably include the 18 hydrogen bonded backbone 
amide hydrogens plus 7 side-chain hydrogens that  are making 
intramolecular hydrogen bonds (Table 2). Similarly, betabellin 
12D had 54 very  slowly exchanging hydrogens with a krel 5 1.9, 
which probably include the 36 backbone amide hydrogens mak- 
ing intrachain hydrogen bonds plus 18 side-chain hydrogens (9 
Table 2. Exchangeable hydrogens of 4 betabellins: Assignment of the observed  sets to 4 rate categories 
12s 12D 14s 14D 
53H 104H 62H  122H 
Category No. H's kre/ No. H s  krel No. H's kre/ No. H's k r d  
Very fast: kr,, > 300 17 > 300 32 >300 23 >300 32 >300 
Fast: 30 < kre/ < 300 22 51 59 61 
Slow: 3 < k,,/ < 30 11 16 18  12 4 16 14 8.5 
9 10 14 5 
4 5 10 3 5 5  
Very slow: k,, < 3 14 1.3 6 1.9 
11 51 .3  10 [I1 
15 0.6 
23 50.6 
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per chain). The  7 very  slowly exchanging nonpeptide hydrogens 
in betabellin 12s  and the 18 similar hydrogens in betabellin 12D 
may be due  to side-chain-side-chain hydrogen  bonding on  the 
hydrophilic faces of the &sheets. 
The exchangeable hydrogens  of betabellin 12s  and 12D ex- 
change  either very fast or slow/very slow, but none  fall in  the 
fast category. Betabellin 12s has 17 very fast hydrogens and 
betabellin 12D  has 16  very fast hydrogens per chain.  Addition- 
ally, betabellin 12s has 36 slow/very  slow  exchanging hydrogens 
and betabellin 12D has 36 slow/very slow  exchanging hydrogens 
per chain. The similarity of these numbers strongly suggests that 
these 2 betabellins are folded in the same  manner.  This conclu- 
sion is consistent with results from  other methods such as  CD 
and size-exclusion chromatography, which show that betabel- 
lin 12s is a  noncovalent dimer (Yan, 1994). 
Circular dichroic spectroscopy 
CD spectra were obtained with an AVIV model 62DS CD spec- 
trophotometer using quartz cells with a 1-mm pathlength.  The 
measured ellipticity data were corrected by a blank, averaged, 
and converted into mean ellipticity per residue ( [ e ] )  by dividing 
by bCn, where b was the pathlength of the cell, C was the molar 
concentration of peptide or protein,  and n was the number of 
its residues. CD spectra are presented as a plot of  [e] (deg cm2/ 
dmol) versus wavelength (nm). The a-helicity of a  peptide or 
protein in solution was estimated by CD spectroscopy as  the 
ratio [~]222/[~],,,, where [0]222 is the observed ellipticity at 
222 nm and [e],,, is the maximum theoretical ellipticity at 
222 nm, which was calculated (Chen et al., 1974) as 
[e],,, = -39,500[1 - (2.57/n)] deg cm2/dmol. 
Conclusions 
Deuterium exchange monitored by ESI-MS was useful for de- 
termining the relative structural stability of  a-helical peptides 
and /3-sheet proteins. The results obtained by ESI-MS were con- 
sistent with those measured by CD spectroscopy. Mass spec- 
trometry  alone  cannot be used at present to distinguish between 
the slowly exchanging backbone  amide hydrogens of a-helices 
and those of 0-sheets. However, the results presented here illus- 
trate how different sets of slowly exchanging hydrogens can be 
kinetically defined, how the number of hydrogens and  the  ap- 
parent  first-order rate constant for each set can be determined, 
and how, in favorable cases, the relative amount of secondary 
structure (a-helicity) can be calculated from ESI-MS data. Hy- 
drogen NMR spectrometry is a very powerful technique for mea- 
suring the deuterium exchange of individual  hydrogens, but it 
requires  a large amount of sample (3-100 mg), a long analysis 
time (6-48 h), and chemical quenching of the exchange reaction 
by rapid cooling to 0 "C  and lowering the pH  to 1.5. In contrast, 
monitoring  deuterium exchange by ESI-MS requires much less 
sample (1-50 pg), much shorter analysis time (10-90 min), and 
no chemical quenching. Work is in progress to explore the use- 
fulness of this technique in determining the location of intra- 
molecular regions that  are relatively stable to deuterium exchange, 
the exchange rates of individual backbone amide hydrogens, and 
the effects of ligand-protein or protein-protein interactions  on 
deuterium  exchange. 
Materials  and methods 
Materials 
The following deuterated solvents were purchased from Cam- 
bridge  Isotopes  (Woburn, Massachusetts): D20, CF3CD20D, 
CD,OD, and ND40D (each  99.9%  D) and CD3C02D (99.8% D). 
The synthetic peptides and proteins were assembled automati- 
cally  using the solid-phase method of  Russ Henry at the NIEHS- 
UNCCH  Protein Chemistry Laboratory  from Fmoc-protected 
amino acids. These peptides and proteins were then purified by 
reversed-phase HPLC  and were characterized by amino acid 
analysis, CD spectroscopy, Edman sequencing, and ESI-MS 
(McClain et al., 1992; Melton et al., 1994; Yan & Erickson, 
1 994a). 
Electrospray ionization mass spectrometry 
ESI mass spectra were  collected  with a Sciex model  API-I11  mass 
spectrometer (Sciex, Thornhill, Ontario) in either the positive- 
ion or negative-ion mode. A  solution of the sample was infused 
into  the mass spectrometer with a Harvard model 22 syringe 
pump (Harvard  Apparatus,  South Natick, Massachusetts). In 
the positive-ion mode,  the ion-spray needle was maintained at 
5,300 V and the orifice potential was held at 80 V. In the 
negative-ion mode, the needle was kept at -4,800 V and  the or- 
ifice potential at -80 V. The enclosed ionization chamber of the 
mass spectrometer was kept at room  temperature and  atmo- 
spheric pressure. It was constantly flushed with nitrogen at 8 
L/min  to prevent the back exchange of deuterium by hydro- 
gens upon reaction with H 2 0  in the  laboratory  air. Under these 
conditions, exchange of hydrogen by deuterium  occurred only 
in the solution  phase, and back exchange of deuterium by hy- 
drogen was negligible during ESI-MS analysis in the gas phase. 
Each MS sample was lyophilized to dryness to minimize the 
presence of H20. In  a typical deuterium exchange experiment, 
the solid peptide or protein was quickly dissolved in sufficient 
deuterated solvent to produce  a  final  concentration of 5 pM. 
This solution was immediately infused into the ionization cham- 
ber of the mass spectrometer at a rate of  2  pL/min. Collection 
of the initial MS data was begun as quickly as possible, usually 
within 10-20 s of dissolution.  A small mass range (25-30 Da) 
containing a selected charge state of the molecular ion was 
scanned repetitively using a  step size of 0.1 or 0.2 Da, a dwell 
time of  10 ms, and a  total scan time of 1.2-3 s. The (uncharged) 
molecular mass was calculated from  the measured m/z of a 
known charge state  and was plotted  against time. At each time 
point,  the increase in molecular mass over that of the nondeu- 
terated molecule provided the average number of deuterium in- 
corporated into  the peptide or protein.  The  nominal pD of a 
portion of the solution of peptide or protein was measured with 
a standard glass electrode previously calibrated with aqueous 
solutions. 
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